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Abstract 
An energetic upgrade factor has been defined as the ratio of the lower heating value (LHV) of the syngas (H2 plus CO) produced 
plus unreacted feedstock to that of the feedstock processed. It is used to evaluate the thermal performance of the steam reforming 
of methane, mixed reforming of methane with steam and carbon dioxide, and carbon dioxide reforming of methane based on the 
calculated equilibrium product compositions. A non-stoichiometric equilibrium model was developed using FactSage 6.3 
software to conduct the thermodynamic calculations for production of syngas. The results show that increasing temperature or 
decreasing pressure can enhance the energetic upgrade factor of all three reforming processes. The ratio of the feedstock 
components has an effect on the energetic upgrade factor for the three reforming processes. There is an optimum ratio exisitng 
that provides the highest energetic upgrade factor for each of the three reforming processes. Replacement of H2O by CO2 can 
enhance the energetic upgrade factor, particularly at high temperatures with no carbon formation. The analysis also identifies 
operating regimes where carbon formation is thermodynamically possible as well as discusses the undesirable effect that this 
carbon formation has on the energetic upgrade factor. 
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1. Introduction 
One of the challenges to the widespread application of solar energy is the development of cost-effective energy 
storage technologies that enable solar energy to be utilized outside daylight hours in the generation of electricity and 
process heat for the energy-intensive industries. Storage of solar energy in chemical bonds is considered to be a 
promising method because of high energy storage density and the potential for storage at ambient temperature. 
Solar-driven highly endothermic reactions such as steam reforming of methane (SRM) (Reaction (1)) or CO2 
reforming of methane (CDRM) (Reaction (2)), can store solar energy thermo-chemically into the syngas [1-3]. 
Australia has large areas of high insolation which, in many cases, are co-located with significant resources of natural 
and coal seam gases, which contain varying levels of CO2. Australia therefore is an ideal place to conduct these two 
chemical reactions for capturing solar energy. When methane is reformed using both steam and CO2 simultaneously, 
the process is known as mixed reforming of methane (MRM). 
         CH4 + H22Jļ&2+2  
o
C25oH'  = ± 206 kJ/mol       (1) 
                       CH4 + CO2  ļ&2+2 
o
C25oH'  = ± 247 kJ/mol     (2) 
The water-gas shift reaction (WGS, reaction (3)) or its reverse can also occur in the above reforming processes.  
                       CO + H2O (g) ļ+2 + CO2 
o
C25oH'  = –/+ 41 kJ/mol          (3) 
An important consideration when conducting these reactions on a large-scale is the possibility of solid carbon 
formation which can potentially occur via the following reactions (4), (5) and (6): 
 
                       CH4 ļ&(s) + 2H2                     
o
C25oH'  = +/–75 kJ/mol  (4) 
             2CO ļ&(s) + CO2                   
o
C25oH' = –/+172 kJ/mol    (5) 
             CO + H2 ļ&(s) + H2O(g)         
o
C25oH' = –/+131 kJ/mol  (6)  
Carbon formation via any of these routes and its build-up on reactor surfaces and/or catalyst is unacceptable and 
would render the process inoperable. 
 
Reforming typically uses high temperatures and in the conventional reforming process this heat is generally 
provided by the combustion of additional methane. In solar thermal reforming, however, the heat would be 
provided by concentrated solar energy. Depending on the type of reforming reaction, the methane conversion and 
the extent of the reverse of its reaction, it is likely that more than 30% of the energy embodied in the product syngas 
on a lower heating value (LHV) basis can be derived from solar input [4]. This is useful either as a way of storing 
solar thermal energy at ambient temperature (which can subsequently be recovered via the reverse exothermic 
reaction) or as a syngas production method with lower CO2 emissions than conventional reforming. 
SRM has been successfully demonstrated in several solar concentrating facilities around the world with solar 
energy inputs ranging from 25 to 500 kW [5-10].  In 2004, the Australian Commonwealth Scientific and Industrial 
Research Organisation (CSIRO) built a single-tower heliostat field of 500 kW capacity at its Newcastle site and 
used part of this field to demonstrate the solar SRM in a tubular reactor with 25 kW of solar energy input [11].  
 
A theoretical thermodynamic analysis of these chemical reactions is an important first step in determining the 
optimum reforming mode and operating conditions for the thermo-chemical capture of solar energy. It is also 
important to establish those operating conditions where carbon formation is thermodynamically possible so that 
these can be avoided in practice. 
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The objective of this paper is to use the thermodynamic analysis to identify the most promising reforming 
reaction and operating conditions for the production of solarised syngas with the maximum possible conversion 
efficiency under carbon-free conditions. 
 
Nomenclature 
A            SRM_1.2 (H2O/CH4=1.2); SRM_2.5 (H2O/CH4=2.5); SRM_3.5 (H2O/CH4=3.5) 
B            CDRM_1.2 (CO2/CH4=1.2); CDRM_2.0 (CO2/CH4=2.0); CDRM_2.5 (CO2/CH4=2.5) 
C            MRM_0.8/0.4/1.0 (H2O/CO2/CH4=0.8/0.4/1.0); MRM_1.0/1.0/1.0 (H2O/CO2/CH4=1.0/1.0/1.0); 
              MRM_1.5/1.0/1.0 (H2O/CO2/CH4=1.5/1.0/1.0); MRM_1.0/1.5/1.0 (H2O/CO2/CH4=1.0/1.5/1.0) 
2. Methodology 
The conversion efficiency of solar energy into chemical energy by the solar SMR is represented by the energetic 
upgrade factor (Uc) modified based on the literature [12]: 
 
        
feedstockfeedstock
feedstockfeedstock unreactedsyngassyngas
c LHVm
LHVmLHVm
U

       (7) 
 
msyngas: moles of syngas produced  
LHVsyngas: lower heating value of syngas, kJ/mol 
mfeedstock: moles of CH4 fed to reformer 
LHVfeedstock: lower heating value of CH4, kJ/mol 
munreacted feedstock: moles of unreacted CH4  
 
In comparison to the literature, the LHV of unreacted feedstock (CH4 in this case) is included in Equation (7) 
because it is still a useful form of energy. By contrast, any solid carbon formed within the reactor, either on the 
catalyst or reactor wall, could not generally be regarded as a useful form of energy and so has not been included.  
 
Uc was evaluated using Equation (7), where msyngas was calculated based on the equilibrium compositions of the 
reforming processes as determined by minimizing the Gibbs free energy for a given set of species with a 
consideration of the possible reactions which might take place in the system. This was accomplished using 
FactSage 6.3 software and its associated data base, a package capable of determining the equilibrium compositions 
of complex multi-phase and multi-component systems [2].  
3. Results and discussion 
3.1 Effect of temperature and pressure on the performance of three reforming modes 
Fig. 1a shows that Uc increases with increasing reaction temperature from 760 to 850°C at 1 bar for SRM_1.2, 
CDRM_1.2 and MRM_0.8/0.4/1.0. This indicates that increasing temperature can enhance Uc for the three 
reforming processes as a result of the increased CH4 conversion. At 760°C,  CDRM has the lowest Uc among these 
reforming  processes due to substantial carbon formation as shown in Fig 1a. As mentioned previously this carbon 
could not generally be used as a fuel due to its deposition within the reforming reactor, thus wasting CH4 energy 
which  has a negative impact on Uc. Carbon formation decreases with increasing temperatures to reach zero when 
7°C, thus liminating wasted CH4, and enhancing Uc. CDRM has the highest Uc among the three reforming 
PRGHVZKHQ7°C, indicating that the replacement of H2O by CO2 in the feedstock can increase Uc at high 
temperatures and at 1 bar. Consequently, more solar energy is captured into syngas at high temperatures in 
CDRM_1.2 than that in the other reforming processes.  
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The reason for this is that, for a given total moles of product, CDRM results in a greater increase in LHV than 
SRM due to the increased amount of CO relative to that of H2 in product gases as illustrated in Table 1, since the 
LHV of CO (283 kJ/mole) is higher than that of H2 (242 kJ/mole).   
 
 
 
 
 
 
 
Fig. 1. Energetic upgrade factor and carbon formation as a function of reaction  
temperature at 1 bar (a), 5 bar (b) and 10 bar (c) for three reforming processes 
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Table 1 Amounts of each product gas per mole of CH4 input at 850°C and 1 bar for the three reforming modes 
Feed molar ratio H2 
(mole) 
CO 
(mole) 
CO2 
(mole) 
CH4 
(mole) 
H2O 
(mole) 
Total 
(mole) 
H2O/CH4=1.2 2.999 0.935 0.049 0.017 0.168 4.167 
H2O/CO2/CH4=0.8/0.4/1.0 2.616 1.313 0.069 0.018 0.149 4.165 
CO2/CH4=1.2 1.866 2.077 0.109 0.014 0.106 4.172 
 
When pressure increases from 1 to 5 and to 10 bar, Fig.1b and 1c illustrate that Uc increases with increasing 
temperature and decreases with increasing pressure for all three modes of reforming. There is no carbon formation 
for SRM, but carbon formation occurs for CDRM under the operating conditions investigated. Carbon is formed for 
MRM at 5 and 10 bar when T<850°C, but there is no carbon formation at 850°C. Carbon formation increases with 
increasing pressure, but decreases with increasing temperature. 
 
Fig.1b shows that SRM_1.2 has the highest Uc when T<800°C at 5 bar while the value of Uc for 
MRM_0.8/0.4/1.0 is similar to that of SRM_1.2 at T>800°C and this trend is repeated at 10 bar (Fig.1c). This 
indicates that partial replacement of H2O by CO2 in the SRM process can enhance Uc at high temperatures. The 
CDRM_1.2 has the lowest Uc under the conditions investigated due to severe carbon formation, which results in Uc 
being less than 1.0 under certain conditions. In the latter case, there is no energy benefit by using solar energy to 
drive the reforming reaction. Hence, the operatiing conditions for the solar reforming mode should be designed and 
controlled to avoid carbon formation in the practical production of solar syngas. 
 
It is desirable, simply from the point of view of maximizing Uc, to perform solar reforming at as high a 
temperature and low a pressure as possible as well as to use CO2 as a feedstock. However, the temperature is 
limited to that which can be reliably attained within the receiver with an acceptable operating life of the reactor 
materials of construction. Also, operation at 1 bar is not practical because this would unacceptably increase both the 
size of the reactor and the syngas compression requirements which increase both capital and operating costs. On the 
other hand, replacement of H2O by CO2 clearly increases the likelihood of carbon formation. Hence, there is an 
optimum operating condition existing for conducting solar reforming in any practical application which is discussed 
in detail in Section 3.5. 
3.2 Effect of the H2O/CH4 ratio for SRM 
Fig. 2 illustrates the effect of the H2O/CH4 ratio on Uc in the temperature range of 760 to 850°C and at pressures 
from 1 to 10 bar for the SRM reaction. There is no carbon formation under the conditions investigated. Fig. 2a 
shows that SRM_2.5 modes have the highest Uc at 1 bar when T<80&$W700°C, SRM_1.2 has the highest Uc 
followed by SRM_2.5 and SRM_3.5 respectively.  
 
Although the stoichiometric ratio of H2O/CH4 is 1.0 for SRM as shown in Equation (1), traditional SRM is 
performed with H2O/CH4 ratios of 2.8-3.5 at about 800°C and at about 30 bar. The high temperature is required to 
achieve high methane conversion in this process.  Excess H2O not only promotes higher CH4 conversion but also 
suppresses carbon formation that would otherwise deactivate the catalyst and ultimately block the reactor. 
However, the positive effect of enhancing CH4 FRQYHUVLRQLVLQVLJQLILFDQWDW700°C and at 1 bar due to the fact 
that CH4 conversion is almost 100%  under these conditions [13] . On the other hand, the excess H2O can facilitate 
the water-gas shift reaction which converts CO into H2 and CO2, resulting in a greater decrease  in Uc for the SRM 
due to the lower amount of CO produced relative to H2. Hence, the SRM with the lower H2O/CH4 ratio has the 
higher Uc at high temperature and 1 bar. There is also a significant process efficiency penalty for excess water due 
to the enthalpy required for both evaporation and sensible heating of the steam. 
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Fig. 2. Energetic upgrade factor as a function of H2O/CH4 ratio at (a) 1 bar (b) 5 bar 
(c) 10 bar and at temperatures from 760 to 850°C for SRM 
 
When the pressure increases to 5 bar, SRM_3.5 has the highest Uc at Td800°C whereas SRM_3.5 has a similar 
value of Uc to that of SRM_2.5 DW7&DVVKRZQLQFig. 2b. At 10 bar, SRM_3.5 has the highest Uc in the 
temperature range investigated as illustrated in Fig. 2c. SRM_1.2 has the lowest Uc at these elevated pressures due 
to low CH4 conversion [13]. It is clear that Uc for the SRM reaction is affected by the H2O/CH4 ratio, pressure and 
temperature.  
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3.3 Effect of the H2O/CO2/CH4 ratio for MRM 
Fig. 3 shows Uc for MRM increases with increasing temperature and decreases with increasing pressure in the 
temperature range 760 to 850°C and at pressures from 1 to 10 bar. However, the effect of temperature and pressure 
on carbon formation is opposite to that of Uc. Moreover, Uc varies as a function of the H2O/CO2/CH4 ratio, 
depending on temperature and pressure 
x At 1 bar (Fig. 3a), Uc decreases in the ratio of H2O/CO2/CH4 in the following order: 
1.0/1.5/1.0>1.0/1.0/1.0>1.5/1.0/1.0 >0.8/0.4/1.0 in the temperature range 800 to 850°C, where there is no 
carbon formation.  
x At 5 bar (Fig. 3b)  and 10 bar (Fig. 3c), MRM_0.8/0.4/1.0 has the lowest Uc among the four MRM modes 
due to severe carbon formation whereas MRM_1.0/1.5/1.0 has the highest Uc in the temperature range 780 
to 850°C 
x The carbon formation decreases with increase in the ratio of H2O/CO2/CH4 in the following order: 
0.8/0.4/1.0>1.0/1.0/1.0>1.0/1.5/1.0 under the conditions investigated. No carbon is formed in 
MRM_1.5/1.0/1.0 under the conditions investigated, which implies that adding extra water is more efficient 
than adding extra CO2 to suppress carbon formation in MRM.  
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Fig. 3. Energetic upgrade factor and carbon formation for MRM as a function of temperature and feed gas H2O/CO2/CH4 ratio at  
(a) 1 bar (b) 5 bar (c) 10 bar 
3.4 Effect of the CO2/CH4 ratio for CDRM 
Fig. 4 illustrates that carbon formation decreases with increasing both the CO2/CH4 ratio and temperature and 
with decreasing pressure in the temperature range 760 to 850°C at 1 to 10 bar.  
x At 1 bar (Fig. 4a), CDRM_1.2 has the lowest Uc due to carbon formation whereas CDRM_2.5 has the 
highest Uc 
x At 5 bar (Fig. 4b), CDRM_2.5 has the highest Uc DW7&ZKHUHDV&'50_2.0 has a similar value of Uc 
to that of CDRM_2.5 ZKHUHQRFDUERQ LV IRUPHGDW7&&'50&22/CH4 =1.2) has the lowest Uc 
due to carbon formation under the conditions investigated. 
x At 10 bar (Fig. 4c), CDRM_2.5 has the highest Uc, followed by CDRM_2.0 whereas it is opposite to that of 
Uc for carbon formation. 
 
Uc increases with increasing CO2/CH4 ratios for CDRM from 1.2 to 2.5. A possible explanation is that excess 
CO2 could react with solid carbon and then suppress carbon deposition through the reverse of the CO 
disproportionation reaction (Reaction (5)). It is unlikely, however, that the addition of a large amount of CO2 will 
be a practical method of enhancing Uc and preventing carbon formation as the separation and recycling of CO2 is an 
energy-intensive process. 
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Fig. 4. Energetic upgrade factor and carbon formation for CDRM as a function of temperature and CO2/CH4 ratio at (a) 1 bar (b) 5 bar (c) 10 bar  
3.5 Comparison of the energetic upgrade factors at 850°C  
In practice, the maximum operating temperature is likely to be around 850°C due to heat loss, materials 
restriction and engineering issues [4].  Table 2 summarizes the values of Uc for each reforming mode at this 
temperature for various feed gas ratios and pressures.   
          Table 2 Comparision of the energetic upgrade factors for the three reforming modes at 850°C 
 CO2/CH4 ratio (CDRM) H2O/CO2/CH4 ratio (MRM) H2O/CH4 ratio 
(SRM) 
P 
(bar) 
1.2 2.0 2.5 0.8/0.4/1.0 1.0/1.0/1.0 1.0/1.5/1.0 1.5/1.0/1.0 1.2 2.5 
1 1.31 1.33 1.34 1.27 1.29 1.30 1.29 1.25 1.25 
5 1.09 1.29 1.32 1.23 1.28 1.30 1.28 1.22 1.24 
10 0.90 1.20 1.26 1.20 1.25 1.28 1.26 1.18 1.22 
Table 2 shows that CDRM_2.5 has the highest Uc  at 1 bar whereas  MRM_1.0/1.5/1.0 has the highest Uc at 5 
and 10 bar. The possible reason is that excess CO2 could faciliate CH4 conversions and the reverse water gas shift 
reaction which increases CO formation at the expense of H2. As discussed above, addition of a large amount of CO2 
or H2O will not be a practical method for enhancing Uc because there is an energy penalty associated with 
separation and recycling of CO2 or heating/cooling excess H2O. With the need to minimize excess H2O and CO2 in 
this system, it is likely that the best compromise is obtained with CDRM_2.0 at 1 bar and with MRM_1.0/1.0/1.0 at 
5 and 10 bar, where the values of Uc are only marginally lower than the highest ones under the operating conditions 
investigated here, but where the amount of excess CO2 or H2O used is reduced. 
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4. Conclusions 
Uc as determined from the thermodynamic equilibrium product compositions,  was investigated for SRM, MRM 
and CDRM with different feed ratios in the temperature range 760 to 850°C and at pressures from 1 to 10 bar. The 
results are summarized as the following: 
x CDRM_1.2 has the highest Uc DPRQJWKHWKUHHUHIRUPLQJPRGHVDWEDUDQGDW7&ZKHQWKHIHHG
ratio of H2O, CO2 or (H2O+CO2)/CH4 for all three reforming modes  LV IL[HG DW  :KHQ 3 EDU
SRM_1.2 has a similar value of Uc to that of MRM (H2O/CO2/CH4 = 0.8/0.4/1.0) at T>800°C. CDRM_1.2 
has the lowest Uc due to severe carbon formation under these increased pressures.  
x Increasing temperature or decreasing pressure can enhance Uc for  the three reforming processes, due 
essentially to the increased equilibrium CH4 conversion and decreased carbon formation 
x The ratio of H2O, CO2 or (H2O+CO2)/CH4 has an effect on Uc for the three reforming processes, which 
depends on both reaction temperature and pressure. For example, for SRM at 850°C, SRM_1.2 has the 
highest Uc at 1 bar, however, SRM_3.5 has the highest Uc at 10 bar. Replacement of H2O by CO2 can 
enhance the energetic upgrade factor, particularly at high temperatures and low pressures where there is no 
carbon formation. 
x At 850°C which is a likely operating temperature in practice,  CDRM_2.5 has the highest  Uc (1.34) among 
these reforming processes investigated at 1 bar. However, the separation and recycling of a large amount of 
CO2 is an energy-intensive process. Hence, to avoid the cost and complexity of recovering and recycling 
surplus CO2, CDRM must be performed at the lowest possible feed gas CO2/CH4 ratio, preferably near the 
stoichiometric 1.0/1.0 ratio. At 5 and 10 bar, MRM_1.0/1.5/1.0 has the highest Uc at 1.30 and 1.28 
respectivley. However, in order to minimize the surplus CO2 in the product gas, it is likely that operating in 
the mode MRM 1.0/1.0/1.0 would be preferred over MRM 1.0/1.5/1.0 despite the small reduction in Uc. 
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